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ABSTRACT  The resuspension of K-poor,  Na-rich  stationary  phase E.  coli in 
fresh medium at pH 7.0 results in a rapid uptake of K  and extrusion of Na by 
the ceils.  In all experiments net K  uptake exceeded net Na extrusion. An in- 
vestigation of the uptake of glucose, PO4,  and  Mg and  the secretion of H  by 
these  cells  indicates  that  the  excess  K  uptake  is  not  balanced  by the  simul- 
taneous uptake of anions but must be accompanied by the extrusion of cations 
from the cell. The kinetics of net K  uptake are consistent with the existence of 
two parallel influx processes.  The first is rapid,  of brief duration,  and accounts 
for approximately 60 per cent of the total net K uptake. This process is a function 
of the extracellular  K  concentration,  is inhibited  in acid media,  and  appears 
to be a  1 for  1 exchange  of extracellular  K  for intracellular  H.  The  second 
influx process has a half-time of approximately 12 minutes, and is not affected 
by acid media. This process is a function of the intracellular Na concentration, 
is dependent upon the presence of K  in the medium, and may be ascribed to a 
1 for  1 exchange of extracellular  K  for intracellular  Na. 
In previous papers  (1,  2)  we have shown that  during  the logarithmic  phase 
of growth the cellular K  concentration  in E.  coli greatly exceeds that in  the 
growth  medium  whereas cell Na concentration  is less than  extracellular  Na 
concentration.  As the age of the culture increases,  cell K  concentration  falls 
and  cell Na  concentration  rises until  by the late stationary  phase  (48 to 52 
hours)  these  concentrations  approximate  those  of K  and  Na  in  the  growth 
medium.  This change in  the cellular cation profile is accompanied  by a  de- 
cline in the pH of the growth medium;  restoration  of the medium to a  neu- 
tral pH results in a  rapid accumulation of K  and extrusion of Na by the cells. 
The present paper is concerned with the processes of net K  uptake and Na 
extrusion  following  the  resuspension  of  K-poor,  Na-rich  stationary  phase 
cells in  fresh growth  medium.  It will  be shown  that  net  K  uptake  may be 
described  by two parallel  processes: one which  depends  on  an  exchange  of 
K  for cellular H, and a  second which may be ascribed  to a  K-Na exchange. 
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The  relationships  of these  cation  exchange processes  to  one another  and  to 
the net uptake of glucose, PO 4, and Mg will also be discussed. 
EXPERIMENTAL  METHODS 
Bacteria 
Escherichia coli, strain  K-12,  was  used  throughout  these  studies.  The  methods  of 
storage,  growth,  and  harvesting  of the  organisms,  as well as  the  methods used for 
determining bacterial cytocrits have previously been described  (1). The basic com- 
position of the growth (and experimental) medium was: NaH2PO4, 22 mM; Na~HPO4, 
40 raM;  (NH4)2SO4,  8 mM; Nas citrate, 5 mM; MgSO4, 0.4 mM; and glucose, 55 raM. 
The desired [K] was obtained  1 by the addition of KC1 to the salt solution prior to 
autoclaving. 
Ceils were  harvested in  the  stationary phase,  after 20  to 42  hours of growth at 
37°C in a  5 rnM K  medium (a  1.5 or 2.5 rnM K  medium was used for the growth of 
the cells for experiments employing a low extraceUular [K]). At the time of harvesting, 
the  cell density  was  approximately  1 mg  dry weight/ml  as  would  be  expected if 
growth were limited by the nitrogen content of the medium (3). Since the medium 
contained excess glucose (sufficient for a yield of 5 to 6 mg dry weight/ml), the cells 
continued to metabolize glucose following cessation of growth. As a result the medium 
became acidified as end products of bacterial metabolism accumulated. At the time of 
harvesting, the pH of the parent medium was 4.5 to 5.0. Glucose concentration after 26 
hours had dropped to approximately 5 mM (10 per cent of that present initially). 
Experimental  Procedure 
After harvesting, a  portion of the cells was resuspended in an aliquot of the parent 
medium and  centrifuged in the cytoerit tubes previously described  (1).  The initial 
wet and dry weights, and the initial intracellular K, Na, PO4, and Mg contents were 
determined in duplicate on the  bacterial pellets. 
A  second portion of the harvest was resuspended in 5  ml of the parent medium. 
At "zero time" this cell suspension was introduced into 50 ml of experimental medium 
contained in the chamber previously described (Fig.  1 of reference 4) to give a  final 
cell density which averaged 2  per cent by volume. The experimental medium was 
equilibrated in the chamber at 37°C for at least  1 hour prior to zero time, and all 
manipulations of the cells after harvesting were carried out in a  warm room at that 
temperature.  In  several  experiments  the  medium  also  contained  20  /zg/rnl  chlor- 
amphenicol;  the  experimental results  were  not  influenced  by the  presence of this 
antibiotic agent. 
As in the case of the steady-state experiments described previously, the pH of the 
experimental medium was maintained at 6.95 to 7.05 during the course of the experi- 
ment  using  a  pH-stat  (4),  filled  with  1  M tris  (trishydroxymethylaminomethane, 
Sigma  7-9).  The  total  volume  of buffer added  during  the  course  of the  present 
experiments was 2 to 3 per cent of the volume of the experimental medium, making 
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dilution corrections unnecessary.  Since  the  cell  suspension  which was  introduced 
into the experimental medium had a pH of  approximately 4.5, there was an immediate 
flow of tris from the reservoir  buret into the chamber. The rate of tris delivery was 
controlled so that the pH of the mixture never fell below 6.8 after the first addition. 
By 0.2 minute the system had stabilized at pH 7.0 and the first sample was taken at 
approximately 0.4  minute. The extracellular medium was separated from the sus- 
pension by the membrane-filter technique previously described (4). 
At the completion of the experiment (12 to 25 minutes) an aliquot of the suspension 
was rapidly cooled to 4°C for duplicate determinations of the bacterial cytoerit, the 
final wet and dry weights,  and the final bacterial K, Na, PO~, and Mg contents. 
0.1  to 0.25  ml aliquots of the extracellular medium were diluted and K  concen- 
trations were determined with a  modified Perkin-Elmer (model 52A)  flame photom- 
eter. All K  standards used  contained Na  at a  concentration approximately equal 
to that in the diluted filtrates.  This procedure avoided errors which might have re- 
sulted from the fact that the extracellular Na  concentration was 2  to  3  orders  of 
magnitude greater than the extracellular K concentration. Duplicate determinations 
of the extracellular K  concentrations agreed within 1 per cent. 
After determination of the wet and dry weights, the bacterial pellets were extracted 
in  10 ml of 8  ~  Li~SO4 for 48 hours at room temperature in acid-cleaned vycor 
test tubes capped with parafilm. The extraction procedure was checked by comparing 
Na and K  recovery from duplicate pellets  following either extraction or digestion 
with redistiUed  concentrated HNOs; no significant difference was observed.  Cell K 
and  Na  contents were determined with the  Perkin-Elmer photometer.  After cor- 
rection for a  trapped extracellular space  of 0.19  ml/gm wet weight, duplicate de- 
terminations of cell K and Na expressed as ionic concentrations usually agreed within 
I per cent for K  and within 4 per cent for Na. 
Other Determinations 
The PO4 content was determined on bacterial pellets of 1 to 2 nag dry weight using a 
modification of the method of King (5). The pellets  were digested in  I  ml of hot 
perchloric acid. The resulting clear solution was diluted with 5 ml of distilled H20 
and the PO4 content was determined by the method of Fiske and SubbaRow  (6). 
The intracellular [PO4] was corrected for the PO4 trapped in the extracellular space. 
Duplicate determinations of the cell  [PO4] usually agreed within 5 per cent. 
Mg was determined on bacterial pellets of 5 to 7 nag dry weight using the thiazole 
yellow method as modified by Young and Gill (7). The bacterial pellets were prepared 
for analysis either by digestion with hot perchloric acid, or by ashing in concentrated 
HNO8  followed  by decolorization with H~O~. The  [Mg] was corrected for trapped 
extracellular space.  Duplicate determinations of the  [Mg]  usually agreed within 7 
per cent. 
Bacterial  [Mg]  and  [PO4] are given in units of millimols  per liter cell  H~O  in 
order to facilitate comparison of net movements of Na, K, PO4, and Mg across the 
cell membrane. Since the initial dry-to-wet weight ratio differed by less than 3 per 
cent from the final one these concentrations may readily be converted into other 
units. 332  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  •  I963 
Glucose  in  0.05  ml  aliquots  of the  collected  filtrates  was  determined  with  the 
glucose  oxidase  method  (Glucostat,  Worthington  Biochemicals)  (8).  Duplicate 
determinations by this method differed by less than 4  per cent. 
All pH determinations were made with a  radiometer pH meter (model 22)  to an 
accuracy of  4-  0.02  unit. 
Rate of H  Secretion 
The rate of H  secretion may be calculated from the rate of addition of alkali,  1 M 
tris (5 per cent un-ionized at this pH), given knowledge of the bacterial cytocrit and 
the volume of the suspension.  Corrections for the decrease in the suspension volume 
due to sampling were readily made, the volume of each sample being exactly 2 ml. 
Since the  initial volume of the suspension was  known,  its volume during any time 
interval was calculated so that the volume of alkali added during each time interval 
could be expressed in terms of H  secretion by the bacteria. 
Total Membrane  Area 
The total membrane area per unit volume of suspension may be calculated from the 
bacteria  ! cytocrit, the relative volume of trapped extracellular space,  and  the area 
to volume ratio of one bacterium.  This ratio was  determined from the over-all di- 
mensions  of the  organism  on the assumption  that E.  coli may be represented  by a 
cylinder with hemispherical ends. The width determined from light photomicrographs 
of dried smears  2 was 0.51  :t=  0.01  #  (s~)  and the length was  1.54  4-  0.10/~.  These 
values do not differ significantly from those reported previously for ceils harvested 
during the logarithmic phase of growth  (4).  Hence, the same  area  to volume ratio 
of 8.6 t~  -1 has been used. On the basis of a  trapped extracellular space of 0.19 ml/gm 
wet weight and a  bacterial pellet density of 1.06,  it may be calculated that  1 ml of 
bacterial pellet has a  membrane area of 6.8  X  104 cm  ~.  Since dimensions obtained 
from dried smears are smaller than those observed in living bacteria (9), the reported 
fluxes are lower than the true values, perhaps by as much as 50 per cent. This un- 
certainty in the absolute fluxes does not affect our conclusions, which are based on 
comparisons  between simultaneously determined fluxes. 
RESULTS 
Net  Na  and  K  Transport 
In order to interpret net changes in cellular ion concentrations, the contribu- 
tion  of possible  net  H 20  movements  must  be  evaluated.  The  initial  dry  to 
wet weight ratio of 22.1  4-  0.1  per cent is  very close to  the final dry to wet 
weight  ratio  of  22.7  4-  0.1  per  cent.  The  difference,  though  statistically 
significant,  is small and relatively unimportant.  The volumes of the  trapped 
extracellular space in  the initial and final pellets were determined using  1  l~1- 
labeled  albumin.  Since they did  not differ significantly,  they were averaged 
to  a  value  of 0.19  4-  0.01  ml/gm  wet  weight  (9  determinations),  identical 
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with that reported previously (1).  The densities of the initial and final bac- 
terial  pellets,  as  determined by  the  copper sulfate method  (10),  averaged 
1.064  4- 0.001  and did not differ significantly. Thus,  shifts  in cellular H~O 
content during these experiments were negligible. 
Furthermore, the total volume of the cells was shown to remain constant 
in several experiments in which cytocrits were determined both on aliquots of 
suspension obtained after 3  to  5  minutes and  after  13  to  20  minutes.  The 
ratio of the early to final cytocrits after correcting for dilution was  1.00 -4- 
0.01.  Since  the  total  volume  of  cell  water  remained essentially constant, 
shifts  in  cellular ion  concentrations must  be  ascribed  to  movement of the 
ionic species itself. 
TABLE  I 
INITIAL AND  FINAL CELL K  AND Na  CONCENTRATIONS* 
No.  of 
experimetats  Durations  [K]a0  [K]I  [Kit  --  [K]I0  [Na]:0  ['N'a]a  [Nail0  --  [NaJl 
rain.  nvnols/llter  ull  tIsO  retools/liter  cdl  HsO 
Cultures 36 to 42 hrs. old 
10  18  4-  1  47  4-  2  169  4-  5  122  4-  4  114  -4-  5  64  -2-  3  50  4-4- 3 
Cultures approximately 24 hrs. old 
4  18  4-  2  75  -4-  2  177  4-  6  102  4-  8  102  4-  5  64  -4-  2  38  4-  4 
Cultures 20 hrs. old 
1  23  111  185  74  79  66  13 
* The subscript 1 refers to cellular, and 10 refers to initial cellular concentrations. Errors are 
standard errors of the mean. Duplicate determinations were made in each experiment. 
The elapsed time between introduction of the ceils into the experimental medium (pH 7.0) 
and the rapid chilling of the final sample. 
We have previously shown (1, 2, 4) that cells harvested in the logarithmic 
phase  are  characterized by  an  average  [K]  of 200  mmols/liter cell  H~O 
and an average [Na] of 54 mmols/liter cell H 20, whereas those harvested in 
the late stationary phase have a much lower [K] and higher [Na]. Resuspen- 
sion of the late stationary phase cells in fresh medium is followed by a rise in 
[K]  and a  fall in  [Na].  The experiments reported in  Table  I  confirm this 
previous result and further show that there is a  large net K  influx and net 
Na extrusion in a  period of about  18 minutes following resuspension in fresh 
growth medium. In every instance, both in the present series of experiments, 
and in those reported previously, the net K  influx is greater than the net Na 
efflux. 
Since the net movement of Na did not balance that of K,  the net fluxes 
of PO4 and Mg were investigated to evaluate their contribution to the main- 
tenance of electroneutrality. These two ions were selected because  they are 
present in  the bacterial cell in  relatively high concentrations.  In  6  experi- 334  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  47  "  ~963 
ments, the average initial cellular [PO 4] was 255 4-  7 mmols/liter cell H 20, 
and the final intracellular PO 4 concentration averaged 274 4- 4 mmols/liter 
cell H20.  The difference, which is significant at p  <  0.02,  represents a  net 
uptake rate  of  1.2  mmols/liter cell H20  min., assuming a  constant rate  of 
uptake during these experiments. This value is in good agreement with the 
value of 0.7 retool/liter cell H20 rain.  given by Mitchell (11) for the rate of 
net  PO 4 uptake  by  resting  cells  of S.  aureus. 
In  5  experiments,  the average  initial  cellular  [Mg]  was 40 4-  2  mmols/ 
liter cell H 20 and the final cellular [Mg]  averaged 52  4-  2 mmols/liter cell 
H 20. The difference, significant at p  <  0.01, represents a  net uptake rate of 
0.9 mmol/liter cell H~O rain. assuming a  constant rate of Mg uptake. Thus, 
the average rate of net Mg uptake agrees well with that of PO 4. Similar ob- 
servations have been reported by Rothstein and coworkers  (12)  in the case 
of yeast and by Brierley et al.  (13) in the case of mitochondria. Since at pH 
7.0 the net charge of a  PO4 ion is  -1.6 the charge transfer across the mem- 
brane due to PO4 uptake almost exactly balances the charge transfer due to 
Mg. 
Glucose Uptake  and H  Secretion 
The rates  of glucose uptake and  H  secretion by the cells were determined 
simultaneously in 9 experiments and found to be constant during the course of 
the experiments. The rate of glucose uptake averaged 7.4 4- 0.6 pmols/cm  ~ 
sec.  and  the  average  rate  of H  secretion  was  17.3  4-  1.4  pmols/cm  2 sec., 
in  good agreement with previously published values for  these rates  in cells 
harvested from the  logarithmic phase  of growth  (4).  The  average  ratio  of 
moles of H  secreted to moles of glucose consumed was 2.4, and the individual 
rates were found to be independent of the cellular cation concentrations over 
the range studied  at  pH  7.0  (K:  37  to  185,  Na:  152  to 61,  in mmols/liter 
cell H~O). 
These  observations  are  of particular  interest  in  considering  the  role  of 
cellular  cations  in  bacterial  metabolism.  Several  reactions  involved in  the 
glycolytic cycle are stimulated by K  and often inhibited by Na as discussed 
in the reviews of Lardy (14) and Ussing (15).  It might be supposed that the 
high cellular [K]  and low cellular [Na]  characteristic of many cells serve the 
purpose of providing an optimal ionic environment for these reactions. The 
present  results  indicate,  however,  that  the  rates  of glucose  uptake  and  H 
secretion are independent of the cellular [K]  and [Na]  over a  wide range of 
values.  These results are similar to those of Conway and  Moore  (16),  who 
found that the rate of fermentation by a  yeast preparation in which 98 per 
cent of the cellular K  had been replaced with Na did not differ significantly 
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Maintenance  of Electroneutralitv 
Since  electroneutrality  is  preserved  in  the  intracellular  and  extracellular 
compartments,  an  instantaneous  balance  of charge  transfer across  the  cell 
membrane must prevail. Every cation which enters the cell must do so either 
in  exchange for  another  cation,  or  it  must  be  accompanied  by an  anion. 
Table I  shows that only a  fraction of the net K  uptake is balanced by an ex- 
trusion of Na.  PO4 uptake is accompanied by an equivalent uptake of Mg 
and  the only other permcant anions  in  the medium are  C1  and  SO4.  The 
ratio  of intracellular  to  extracellular  C1  concentration  has  previously  (2) 
been  shown  to  be  approximately 0.9  in  stationary phase  ceils  and  0.33  in 
logarithmic phase cells. The C1 movement which should follow resuspension 
in fresh 5  mM  C1  medium is  a  net effiux, whose magnitude,  3  retools/liter 
cell H20,  is negligible compared with the net K  influx.  The net uptake of 
SO 4 in E. coli has been shown by Roberts et al.  (3) to be proportional to cell 
growth; in the absence of growth, as during the lag phase, no SO4 is incor- 
porated.  These authors  have further demonstrated  that  the  total  S  content 
of the cells is the same in lag, exponential, and stationary phases of growth. 
These findings taken together lead to the conclusion that excess K  uptake is 
not balanced by a  simultaneous uptake of anions from the medium, and must 
be accompanied by a  simultaneous extrusion of cation by the cell. The only 
cation which is secreted by the cell at a  rapid rate and in sufficient quantity 
to balance the excess K  uptake is H. 
Kinetics  of Net K  Influx 
The upper part of Fig.  1 shows a  typical time course of the extracellular K 
concentration following the introduction of K-poor, Na-rich stationary phase 
cells into fresh medium. The lower portion of the figure shows a semilogarith- 
mic plot of the data; the two separable portions of the curve suggest that two 
processes are involved in  K  uptake.  In the discussion of the kinetics of the 
uptake process the following symbols will be used: 
[K],  [Na], 
(Na) j, 
V, 
n, 
A, 
concentration of K  or Na  in  mmols/liter of medium or cell H20. 
amount of cellular Na, in retools, in 1 liter of suspension. 
fraction of the total water volume in  the  suspension  that  is  intra- 
cellular. The figure for the fraction that is extracellular, v~, appears 
only in  Equation  8;  since  this  is  a  dimensionless quantity  and 
ranged from 0.98 to 0.99 in all experiments, we have considered it 
equal to  1.00. 
concentration of bacteria, in numbers/liter. 
area of a single bacterium, in cm  2. 
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Subscripts  1 and  2  refer  to  cellular  and  extracellular  compartments  respectively; 
the additional subscripts 0  and  oo  refer  to initial and final conditions. 
[K] ~= may  be calculated  from 
[K],~  =  [Kho  -  ~(2oo  -  [K],~)  (z) 
in  which  200  retools/liter  cell  H  ~O  is  taken  as  the  average  steady-state  cell 
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FIGURE  1.  Top, typical time course  of the extracellular  K  concentration following 
resuspension of K-poor,  Na-rich cells  in fresh  medium at  pH  7.0.  The initial extra- 
cellular K  concentration (2:0 raM)was determined by extrapolation of [K]~ on a semi- 
logarithmic plot as described in the text.  Bottom,  a  semilogarhhmic plot of  ([K]~  -- 
[K]2®)/[K]~ from the data given above. 
[K]  (4), and  v is calculated as the product of the cytocrit expressed as a  vol- 
ume  fraction  and  0.63,  the  fraction  of the  bacterial  cytocrit  which  is  cell 
H20.  The  initial  extracellular  K  concentration  was  determined  by  extra- 
polation  of [K] 2 on  a  semilogarithmic  plot.  As  shown  in  the  lower  part  of 
Fig.  1,  [K] ~  -  (K) ~=, the amount of extraeellular K  per liter which remains 
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pressed as: 
[I,:],  -  [Iq~oo  =  [Iq.(,~e  -~''  +  ~-~")  (2) 
in  which  the  coefficients  and  exponents  may  be  determined  graphically. 
Equation  (2)  has been found to describe  the time  course of the extracellular 
K  concentration  in  all  15  experiments  of  Table  I,  in  which  [K]20  varied 
from  1.25 to 3.30 rnM.  801 
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Fmu~ 2.  The time course of ~,  ~a, and (I)  0 for the experiment of Fig.  1. 
The net influx of K,  ~)~, is the  rate  at which  the  extracellular  K  concen- 
tration  falls  divided  by  the  total  membrane  area  per liter  of suspension: 
~  =  d[K,]/dt  _  [X]20(~Xle_~,,  +  ~X,e-X2~)/nA  (3) 
nA ~ 
In these experiments nA,  the membrane area per liter of suspension, was cal- 
culated  as  the  cytocrit  times  the  factor  6.8  ×  10  7  cm'/liter,  as  discussed 
under  Methods.  Since  the  experiments  to  be  described  below indicate  that 338  THE  JOURNAL  OF  GENERAL  ]PHYSIOLOGY  •  VOLUME  47  •  I963 
the  separable  portions of the  K  uptake  represent  independent  parallel  proc- 
esses, we may express OK as the sum of two fluxes: 
¢.~  =  ~= +  ca  (4) 
in which 
O=  =  ([K]2oa)~l/nA)e -x** and *a  =  ([K]2o#Xs/nA)e -x2*  (5) 
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FIGURE  3.  Top,  O=o  as  a  function  of [K]~0.  Bottom,  l/O=o  as  a  function  of  l/[K]20. 
The  line  was  drawn  by  the  method  of least  squares  (omitting  the  point  at  1/~=0  = 
o.,m). 
~=  refers  to  the  rapid  process,  ~  to  the  slower  one.  Provided  the  two  ex- 
changes  are  independent,  the  constants  a  and  XI may  be  attributed  solely 
to one exchange  and/3  and  X 2 may be attributed  solely  to the other.  Fig.  2 
shows  the  individual  and  total  fluxes  as  calculated  from  the  constants  ob- 
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Studies  of the  two components  of net  K  uptake  indicated  that  each  was 
associated with a  separate mechanism of K  movement. The more rapid proc- 
ess,  cI, ~,  appears  to be an  exchange  of K  for H, while  cI,  a has  the properties 
of an exchange of K  for Na. 
The K-H Exchange Process 
When  cI,~0, the  initial  rate  of  the  rapid  influx  process,  is  plotted  against 
[K] 20, as in the upper part of Fig.  3, it appears  to follow saturation  kinetics. 
The linear relationship  of 1/cI, a0 to  1/[K] 20 which is shown in the lower part 
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determined  by  the  method  of  least  squares. 
of Fig.  3 is consistent with this impression.  The maximum initial  influx rate, 
¢,m,"o, is  18.2  -4-  1.4  pmols/em  2 see.,  in  excellent  agreement  with  our  value 
for the rate of H  secretion of 17.3  -4-  1.4 pmols/cm  2 see.  cI,,o is half-maximal 
when  [K]20  =  4.5  -4- 0.4  m_~  at  pH  7.0.  The  finding  that  ~"0  ~  does  not 
exceed the rate of H  secretion is consistent with  the attribution  of ~  to an 
exchange  of extracellular  K  for intracellular  H. 
Although  attempts  have been made  to relate  a  and  Xl  (Equation  5)  to  a 
physical model for the K-H exchange, we have been unsuccessful in finding a 
simple  relationship  between  Xl  and  a  rate  constant  for  this  process.  Since 
Xl  is  an  empirical  coefficient,  it  is  only necessary  that  it  be  approximately 
constant over the time course of a  single experiment,  but not invariant  from 
experiment to experiment. 
The K-Na Exchange Process 
The portion of the total net K  uptake which may be attributed  to the slower 
of the two processes is given by 
"a fo' 
--  ~  dt  ---- [K],0fl(1  --  e-Xt')lv  (6) 
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t 
In  Fig.  4 nA  "bo dt is  plotted  against  net  Na  loss.  The  line  drawn  by the 
v 
method of least squares does not differ significantly from the line of identity. 
This correlation shows that the K  which enters the cell as a  result of the slow 
influx process,  ~,  does so in a  1 for  1 exchange for Na. 
8  8 
7L,o 
8 
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F1oum~  5.  A  semilogarithmic  plot  of  ([K]2- [K]~)/([K]~0-  [K]2~)  against  t 
for 2 experiments. The plots have been normalized to facilitate comparison. The bac- 
terial cytocrits averaged 2.25 per cent in both experiments. 
Independence of the Two Exchanges 
The hypothesis that the K-H and K-Na exchanges are independent processes 
was  tested  in  experiments  designed  to  inhibit  one  or  the  other  of the  two 
mechanisms.  One would predict  that  the K-H flux,  ¢~,  would be inhibited 
by a  lower pH.  Consequently,  the course of net K  uptake was examined in 5 
experiments at pH's in the range of 5.15 to 5.50. The pH of the resuspension 
medium  was  initially  adjusted  with  concentrated  HsPO4  and  maintained 
constant by means of the pH-stat.  As the upper line in Fig.  5 shows, a  single 
rather  slow K  influx  process is  present  at  this  low pH  and  there  is no  sign 
of a  double exponential.  The inhibition  of net K  uptake at this pH is shown S.  G.  SCHULTZ, W.  EPSTEIN,  AND A. K.  SOLOMON  Potassium  Uptake in E. coli  341 
in Table II,  being reduced to 56 mmols/liter cell H20 compared with  122 
mmols/liter cell H~O at pH  7.0  (Table I). The average initial net K  influx 
in  these 5  experiments at  the lower pH  was  1.2 ±  0.1  pmols/cm  ~ see., far 
lower than the average value of 6.7  4- 0.4 pmols/cm  ~ see. observed for com- 
parable  initial  external  [K]  at  pH  7.0. The  net  Na  extrusion  is  largely 
unaffected, its value at low pH not differing significantly from that observed 
at pH 7.0.  The last column of the table shows that 80 per cent of the net K 
uptake  may be  attributed  to  a  K-Na  exchange at  low  pH.  This  value  is 
much greater than the figure of 40 per cent characteristic for the K-Na mech- 
anism at pH 7.0  (Table I). 
TABLE;  II 
EFFECT  OF  LOW  pH  AND  LOW  [K],  ON  CATION  MOVEMENTS* 
No. of 
experi-  J[NaJx0 -}  [Nail0 -  [Nail 
ments  Duration  [Kit0  [KIt  [Kit -- [KJI0  [Na]x0  [Na]!  ~  [Na]t  [K]I  -- [K]10' 
rain.  retools/liter  cell HsO  mmols/litsr cell tt20 
Extracellular  pH  5.15  to 5.50 
5  17  4-  1  55  4-  4  111  4-  11  56  4-  8  106  4-  5  64  4-  5  42  4-  4  0.8  4-  0.1 
Initial  extraeeUular  [K]  <  1 mu 
5  18  4-  3  54  4-  5  110  4-  10  56  4-  6  102  4-  1  86  4-  4  16  4-  3  0.3  4-  0.1 
* Cells in these experiments were from 36 to 42 hour cultures. 
In order to inhibit the K-Na exchange, cells were resuspended in a medium 
with an initial [K] of 0.6  to 0.8 rnM. In 5 such experiments medium [K] fell 
in  4  to  7  minutes to levels as  low as  0.01  to 0.03  rnM, a  concentration at 
which the cells almost cease to  take up K.  The restricted movements of K 
and Na in these experiments are apparent when the data in  the lower half 
of Table II are compared with the data in Table I.  Under these conditions 
one  would  expect the  initial  rapid  process  to  predominate, with  the  slow 
component almost entirely suppressed as shown in the lower line in Fig. 5. 
Another technique for separating the two processes is to take an additional 
sample 8 minutes after resuspension, at which time the fast process is virtually 
complete. The upper part of Table III shows that Na loss during the first 
8  minutes is  much less  than  the K  uptake,  whereas in  the  subsequent  15 
minutes Na  extrusion is  balanced by K  uptake within experimental error. 
The two experiments presented in the lower part of the table were carried 
out in media with an  initial  [K] of 0.6  to  0.8  n~.  Though  the  cells  had 
almost ceased net K  uptake by 8  minutes, the results for the initial period 
are similar to those in the usual medium. Most of the K movement is balanced 
by H  in spite of the fact that less K  has been taken up.  Furthermore, the 342  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  47  '  x963 
Na  extrusion  is  inhibited  by  the  low  extracellular  [K],  the  cellular  [Na] 
reaching a  level of 85 retools/liter cell H sO as compared to 63  mmols/liter 
cell  H sO  in  the  presence of a  normal  extracellular  [K].  This  observation 
supports  the view that a  portion of the K  uptake may be coupled with Na 
extrusion. 
A  Model of the K-Na Exchange 
On the basis of simple assumptions it is possible to make a  model which re- 
lates the flux attributable  to exchange of K  for  Na,  ¢0,  to  cell  [Na]  and 
TABLE  llI 
CELLULAR  K  AND  Na  CONCENTRATIONS 
AT  AN  INTERMEDIATE  TIME* 
[Nail0 -- [Na]  t 
[K]I  [Na]a  [K],  -- [Kilo 
Inter-  Inter- 
mediate  Final  mediate  Final  Initial-  Intermediate- 
Experiment  Initial  (8 mln.)  (~3 rain.)  Initial  (8 mln.)  (2  3 rain.)  intermediate  final 
mmol$]lihrr cell H~O  retools~liter tell  H~O 
Normal extracellular  [K] 
19  58  156  174  103  80  63  0.23  0.951: 
20  71  165  182  92  77  62  0.16  0.885 
Low extracellular  [K] 
17  60  115  122  103  97  85  0.11  1.7:~ 
18  69  119  122  97  89  85  0.16  1.3~ 
* Cells in these experiments were from 24 to 30 hour cultures. 
These values do not differ significantly from 1.0. 
to compare the predictions of this model to experimental observations.  The 
basic  assumptions  are:  a  1:1  exchange of Na  for  K,  and  a  unidirectional 
Na flux, /1)  N", which is directly proportional to the [Na] in the  compartment 
from which the flux originates.  The net movement of Na  is  given  by: 
d(Na)l/dt  =  nA(¢s~.  _  ~Na,m J 
in which the subscript 21  refers to flux from the medium to the cells. 
(7) 
~a  k  ~"=  k12v[Na]l and ~s~ --  slv2[Na]s  (8) 
in  which k12  and  k21  are constants  with  dimensions  of  cm  min.  -I  ×  10-L 
Since  v,  [Na]~,  and  ,I,,~  a  are  constant 
dWNa]l/dt  =  (nA/v)(~"  --  kl~v[Na]l)  ( 9 ) S.  G.  SCHULTZ,  W.  EPSTEIN, AND  A.  K.  SOLO~tON  Potassium  Uptake in E. ¢oli  343 
nA/v  is  equal  to  1.1  X  10 n cm  -t  (4).  Equation  9  has  the solution: 
~)N&/L  . X  ."-nA/ll  2  $  Na  [Na]t  ([Na]x0  2t/~12o)~  +  =  -  Cn/ka~v 
At  t  =  ~o  (when  the  steady state  is  reached)  ¢2~  ~  • N~  =  12  and 
(io) 
so that 
• ~/k~v  =  [Na]loo 
[Na]~  =  ([Na],o --  [Na]~®)e  -"**'2`  +  [Na]~oo 
(11) 
(12) 
120 
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The integrated  net influx of K  exchanging for cell Na  is 
--  ,ha  dt  ---- [Na]lo  --  [Na],  --  ([Na]to  --  [Na]z®)(1  --  e -"~k''') 
V  (13) 
Thus  Ca is given by 
• n--- k,2v([Nah0 -- [Na]a~o)e  -"a*''`  ( 14 ) 
If Equation  14  is  to  be  set  equal  to  Equation  5  which  is  an  empirical  de- 
scription of the slow exchange, it follows that: 
X2  =  nAk12  ( 15 ) 
[Kbot~/~  =  [Na]10 --  [Na],®  (]6) 
In  15  experiments  the half-time  (0.693/X~)  for the  completion of the  K-Na 344  THE  JOURNAL  OF  GENERAL  PHYSIOOLGY  -  VOLUME  47  •  I963 
exchange  was  11.5  4-1.0  minutes.  The  relationship  between  [K]~o{3/v 
and  [Nail0  is  shown in Fig.  6.  The equation for  the regression line is 
[K],oO/v  =  (1.16 4- 0.15)[[Nail0  --  (48 4- 9)]  '  (17) 
The  slope of the regression line is  not significantly different from  1.0  and 
the  intercept,  48  4- 9  retools/liter  cell  H~O,  is  not  significantly different 
from [Na]l~ which has been previously (1) determined to be 54 4-  3 mmols/ 
liter cell HsO.  Since the predictions of Equation  17 are in agreement with 
the  experimental observations,  it seems reasonable  to  identify  ~¢  with  the 
exchange of Na for K  and  to conclude that  the Na  flux is proportional to 
[Na]  under  the  conditions  of our  experiments. 
DISCUSSION 
The two cation exchange processes which we have described have points of 
similarity with processes which have been demonstrated in a  wide variety of 
both plant and animal cells. The K-H exchange in E.  coli closely resembles 
the K-H  exchange in  yeast,  which has  been well  documented by  Conway 
and  O'Malley  (17)  and  Rothstein  and  Enns  (18).  Foulkes  has  presented 
kinetic evidence of a  biphasic K  uptake in Na-rich yeast  (19),  his data  re- 
sembling our Fig.  1.  He also identified the first rapid phase with a  K-H ex- 
change, and the slower phase with an exchange of K  for cell Na.  Rothstein 
and Bruce (20), as well as Foulkes, found that the K-H exchange in yeast is a 
saturable  function  of the  external  [K].  Their  values  for  the  external  [K] 
at which the K  flux is half-maximal agree quite well with the present figure 
of 4.5 m~ for E. coli. 
Conway and Brady  (21)  and Foulkes have presented evidence that the H 
which exchanges with extracellular K  is present in the yeast at  the start of 
the  experiment.  This  contention  is  supported  by  the  demonstration  that 
the intracellular pH of yeast rises from 5.8 to 6.4 during the K-H exchange 
(22).  In E. coli it would also seem likely that the H  which participates in the 
K-H exchange is present in the cell at the onset of the experiment, because 
the  stationary  phase  cells  employed  in  these  experiments  were  harvested 
from cultures whose pH ranged from 4.5 to 5.0.  Because of the large intra- 
cellular  buffer capacity,  a  replacement of cellular  K  by H  could  account 
for the marked decrease in the intracellular osmotic activity which has been 
observed in E. coli as the age of the culture increases (23). The unidire.ctional 
K  flux in the steady-state cells harvested in the logarithmic phase of growth 
(4)  differs from 'I',0 in that it is  considerably slower,  averaging  1.0  pmols/ 
cm~sec., and is independent of the medium [K]  over the same range as that 
employed in  the present experiments.  On  the  other  hand,  the  rates  of H 
secretion by cells harvested from the logarithmic and late stationary phases S. G. SCHULTZ, W. El'STEIN, AND A. K. SOLOMON Potassium Uptake in E. coli  345 
do  not  differ significantly.  One  may  interpret  these  findings  in  terms  of a 
transient process of K-H exchange which takes place when the cells contain 
excess H  and which is not evident under normal conditions when the H  ex- 
truded is accompanied by organic anions. 
The  K'Na  exchange  in  E.  coli  is  similar  to  those  which  have  been  well 
documented  for  a  variety  of  biological  systems,  particularly  the  Na-rich 
yeast.  Since a Na requirement for growth has not been demonstrated for E. 
coli, it would appear that the K-Na exchange is capable of transporting other 
cations when the cells are grown in Na-free media. 
The finding of two separable processes of K  uptake, a K-H exchange and a 
K-Na  exchange,  raises  the  question  as  to whether  these  processes  are each 
mediated  by  specific  carrier  mechanisms, or  whether  one  of the  effluxes is 
non-specific, being dictated by requirements of electroneutrality. Discrimina- 
tion  between  these alternatives  would be facilitated  by measurement  of the 
electrical  potential  within  the  cell  during  the initial  transient  period  of in" 
tense  K-H  exchange.  However,  the  evidence  at  present  available  is  not 
sufficient to permit  a  decision  as  to whether more  than  one specific carrier 
mechanism  is  implicated  in  K  uptake  by  E.  coli  under  our  experimental 
conditions. 
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